The phenylthiyl radical (1) was prepared in the gas phase by vacuum flash pyrolysis of allylphenyl sulfide or diphenyl sulfide and isolated in an argon matrix. The hitherto unknown phenylthiyl peroxy radical was synthesized by co-condensation of 1 with molecular oxygen. Irradiation with light of l = 465 nm led to a rearrangement to the novel phenylsulfonyl radical.
Generation and characterization of the phenylthiyl radical and its oxidation to the phenylthiylperoxy and phenylsulfonyl radicals † Artur Mardyukov and Peter R. Schreiner* The phenylthiyl radical (1) was prepared in the gas phase by vacuum flash pyrolysis of allylphenyl sulfide or diphenyl sulfide and isolated in an argon matrix. The hitherto unknown phenylthiyl peroxy radical was synthesized by co-condensation of 1 with molecular oxygen. Irradiation with light of l = 465 nm led to a rearrangement to the novel phenylsulfonyl radical.
Sulfur-centred radicals are key reactive intermediates in chemistry 1, 2 and biology; 3,4 they typically form in a variety of light or heat initiated reactions of S-H or S-S bond cleavages of their precursors. [5] [6] [7] The simplest aromatic species, the phenylthiyl radical (1, Scheme 1), participates as a short-lived species in several reactions in the condensed phase. 1, 7, 8 The most useful synthetic applications of the phenylthiyl radical draw on its ability to readily add to carbon-carbon multiple bonds; [9] [10] [11] [12] such additions have been intensively studied by Ito and co-workers. 7, [13] [14] [15] [16] [17] [18] [19] Radical 1 has also been used for the synthesis of natural products: 20 for instance, Knapp and co-workers 21 reported on a total synthesis of griseolic acid B that involved the free-radical addition of thiophenol to a sterically hindered enol ether moiety. Despite its relevance to a variety of processes, only four low IR bands of 1 have recently been reported. 22 Radical 1 was thereby generated by UV irradiation of thiophenol in a solid argon matrix, resulting in a mixture of compounds with 1 being the minor isomer. The absorption spectrum of 1 exhibited a strong band at B290 nm that did not reveal vibronic features. 23 Pulse radiolysis of thiophenol in aqueous solution also led to 1, with broad transitions at 295 and 460 nm. 24 Radical 1 was also investigated by time-resolved resonance Raman spectroscopy, 25 which revealed that the C-S bond in 1 has single bond character with the unpaired electron localized on sulfur. The EPR spectrum of 1 has also been reported in glassy matrices at low temperatures.
26,27
The experimental S-H bond-dissociation energy (BDE) of thiophenol was obtained using three different methods, i.e., via the electrochemical cycle (EC) method by Bordwell and Cheng, 28 using an electron-transfer equilibration approach by ) at the B3LYP/6-311++G(2df,2p) level of theory. 31 The reactions of thiylperoxy radicals have been the subject of numerous studies because of their involvement in organic synthesis 1, 8 and atmospheric transformations. [32] [33] [34] [35] [36] Tan and Wille have shown the oxidation of bis-aromatic alkynes to a-diketones by intervention of thiyl peroxy radicals formed through the reaction of thiyl radicals with molecular oxygen. 8 A series of thiyl peroxy radicals were studied in detail by low temperature ESR. [37] [38] [39] [40] [41] [42] Zhang et al. studied the formation kinetics of thiylperoxy radicals by pulse radiolysis techniques. 43 In this paper, we report new and efficient pathways for the generation and matrix isolation of 1 by vacuum flash pyrolysis (VFP) of allylphenyl sulfide (2) and diphenyl disulfide (3) in argon at 10 K and we reveal the most comprehensive IR data and band assignments to date. We also described the formation of a novel phenylthiyl peroxy radical (4) through a gas phase reaction of 1 with molecular oxygen and subsequent trapping in argon matrices at 10 K. The peroxy radical 4 can be photochemically rearranged into the considerably more stable equally novel phenylsulfonyl radical (5).
Radical 1 was generated under matrix isolation conditions from 2 or 3 as VFP precursors (Scheme 1). The IR spectrum of 1 matrix isolated in argon at 10 K obtained by VFP of 2 at 850 1C with subsequent trapping with an excess of argon is shown in Fig. 1 . In the case of 2, VFP gave 1 and the allyl radical 6, while the precursor 3 predominantly yielded 1.
The excellent agreement between the experimental and unscaled M06-2X/6-311++G(2d,2p) as well as B3LYP/cc-pVTZ computed IR spectra is taken as evidence for the preparation of 1 ( Fig. 1 and Fig. S1 , ESI †). The most prominent IR bands attributed to 1 at 750 and 670 cm À1 are also found in the precursors 2 and 3 and are thus assigned to the C-H out-ofplane vibrational modes of the phenyl ring (n 8 and n 9 ). The observed splitting of the vibrational bands is likely due to the different trapping sites in the argon matrix, which is a common phenomenon. 44 With the aid of the computations, the additional other intense IR bands of medium intensity at 1553, 1433, 1066, 1019, 989, and 415 cm À1 are assigned to 1 (Fig. 1, Fig. S1 , Table 1 and Table S1 , ESI †). Another set of absorption bands located at 1477, 1389, 984, and 801 cm À1 provides evidence for the presence of the allyl radical formed as a co-product of the thermal decomposition of 2 (Fig. 1c) . The IR observed vibrational bands match well with the fundamentals of 1 (Table 1 and Table S1 , ESI †) computed anharmonically at the B3LYP/cc-pVTZ level of theory. The UV/Vis spectrum of matrix isolated 1 reveals a strong absorption band at l max = 295 nm (Fig. S2 , ESI †). It closely resembles the previously reported spectrum of 1 in the gas phase 23 and is in good agreement with its computed UV/Vis spectrum using time-dependent density functional theory (TD-DFT): TD-M06-2X/6-311++G(2d,2p) computations of the excitations exhibit two weak transitions at 310 nm ( f = 0.001) and 360 nm ( f = 0.0037) as well as two very intense transitions at 246 nm ( f = 0.0141) and 228 nm (f = 0.1744), respectively.
At the UM06-2X/6-311++G(2d,2p) and UB3LYP/cc-pVTZ levels of theory the allylic C-S BDE energies of 2 are 58. . 46 The C-S bond of 1 (1.756 Å) is shorter than that in thiophenol (1.772 Å) at the same level of theory. No significant geometrical changes were observed in the phenyl ring in comparison with thiophenol ( Fig. S3 , ESI †). This indicates that the unpaired electron spin is largely localized on the sulfur atom, in marked contrast to other highly delocalized aryl radicals such as the phenoxy and phenylaminyl radicals that both show significant spin delocalization over the ring as well. This can be derived from the spin density distributions of these radicals (Fig. 2) .
Phenylthiyl peroxy radical 4
We utilized 3 for the synthesis of 4 because 2 is less suitable as a precursor for 4 as the concomitantly formed allyl radical (6) reacts with molecular oxygen to give the allylperoxy radical. 49 Doping argon matrices containing the products of the VFP of 3 with variable oxygen concentrations in the range of 0.1-2% resulted in significant changes in the IR spectra. Most notably, these changes occurred in the area of out-of-plane (o.o.p) C-H vibration modes between 800 and 600 cm À1 . New bands appeared and grew at 751 and 686 cm À1 by increasing the oxygen concentration and by annealing the matrix up to 35 K for several minutes (and re-cooling before measurement). In the presence of B1% of O 2 1 is essentially quantitatively consumed. According to our M06-2X/6-311G++G(2d,2p) and B3LYP/ cc-pVTZ computations, 4 displays two conformers, namely a gauche (4g) form and a slightly higher-lying trans (4t) form (Fig. S4 , ESI †). The conformer 4g displays no symmetry (C 1 ), whereas 4t shows C s symmetry and has an 2 A 00 electronic ground state. The experimental data indicate the presence of only one conformer (4g) in the argon matrix. At the M06-2X/6-311G++G(2d,2p) and B3LYP/cc-pVTZ levels, 4g is 0.5 and 0.6 kcal mol À1 (including the zero point vibrational energy correction, ZPVE, denoted as DH 0 ) more stable than conformer 4t, respectively. The activation barrier for the 4g -4t isomerisation is +0.9 and +1.3 kcal mol
À1
(DH 0 ), respectively (Fig. S4 , ESI †).
The new IR absorptions were assigned to 4 (Scheme 1 and Fig. 3) ; in highly diluted matrices (0.1% of O 2 ), the monomers predominate. Annealing the matrices containing 1 and O 2 (0.1-1%) at temperatures above 30 K allows small trapped molecules to diffuse 50, 51 and this results in an increase of bands of 4g.
In addition, dilution experiments allowed us to differentiate dimers from higher aggregates. The new bands appear only when both 1 and O 2 are present in the matrix, and the band intensities increase if the concentration of one of the components increases. We therefore assigned these bands to the out-of-plane vibration (o.o.p.) C-H modes n 8 and n 9 of 4g. Moreover, the good agreement between the computed and experimental spectra of the isotopologues ( (Table S2 , ESI †). Similar to 4, the reaction of the phenyl radical with O 2 was investigated using the matrix isolation technique. 51 The reaction of alkyl radicals with oxygen analogously results in the formation of alkylperoxy radicals, which usually proceed without or with very low barriers. [51] [52] [53] The fundamental question whether the formation of 4 by addition of molecular oxygen to 1 is an exothermic or endothermic process is not yet unambiguously answered by theory. The reported DE value computed at BHLYP/cc-pVTZ indicates a mildly exothermic process (À7.9 kcal mol À1 ) for the formation of 4. 8 According to our M06-2X/6-311++G(2d,2p) and B3LYP/ cc-pVTZ computations, the reaction of 1 with molecular oxygen is also exothermic by À7.6 kcal mol À1 and À8.1 kcal mol
(À6.0 and À6.9 kcal mol
, DH 0 ); MP2/cc-pVDZ gives an exothermicity of À5.9 kcal mol
. As anticipated for an exothermic radical reaction, no transition state was found for the C 6 H 5 S + 3 O 2 -C 6 H 5 SOO addition. Similarly, no barrier could be located for the 3 O 2 addition to the vinyl radical to produce the vinylperoxy radical. 54 The formation of 4 in a thermal reaction at temperatures as low as 30 K in our matrix indicates a very small or no activation barrier for this reaction, in accordance with our theoretical assessment.
Photochemistry of 4
Irradiation of the matrix in the broad absorption band of 4 at l = 465 nm resulted in the disappearance of all IR absorption bands assigned to 4, and simultaneously, at least two distinct species formed during photolysis. The product distribution observed upon photodissociation of 4 depended markedly on the initial concentration of O 2 . Irradiation of the matrices obtained by co-condensation of pyrolysis products with an argon mixture containing B0.5-1% of O 2 resulted in the appearance of IR bands at 1436, 1271, 1093, 1049, 1021, 997, 747, 681, 668, 518, and 487 cm À1 and these were attributed to 5.
A comparison of the computed (UM06-2X/6-311++G(2d,2p), unscaled) and experimental IR frequencies of two isotopically substituted radicals allowed their unambiguous identification (Table S3, ). In accordance with earlier theoretical studies, 8 the rearrangement of 4 to 5 is exothermic by À61.9, À60.4 and À57.2 kcal mol
À1
(M06-2X/6-311++G(2d,2p), B3LYP/cc-pVTZ, and MP2/cc-pVDZ DH 0 ). The optimized geometry shows a planar C s structure with a 2 A 0 electronic state, where the spin density is delocalized over the sulfonyl moiety (Fig. 2) . The transformation process 4 -5 through the transition state TS2 is associated with a barrier of +23.1 and +25.2 kcal mol
, respectively (M06-2X/6-311++G(2d,2p) and B3LYP/cc-pVTZ, DH 0 , Fig. S5 , ESI †).
Conclusion
The phenylthiyl radical 1 was synthesized by VFP of allylphenylsulfide and diphenylsulfide in argon and characterized using matrix isolation IR and UV/Vis spectroscopic methods. Radical 1 reacts with molecular triplet oxygen to form the hitherto unreported phenylthiyl peroxy radical 4 both in the gas phase and in argon matrices. The formation of 4 under matrix isolation conditions indicates that this reaction proceeds with a low or no activation barrier. Photolysis of a matrix of 4 with light at l = 465 nm led to the formation of the considerably more stable phenylsulfonyl radical (5), which is also a novel species. The experimentally observed IR spectra are consistent with the spectra computed at the UM06-2X/6-311++G(2d,2p) and UB3LYP/cc-pVTZ levels of theory.
Experimental details

Matrix apparatus design
For the matrix isolation studies, we used an APD Cryogenics HC-2 cryostat with a closed-cycle refrigerator system, equipped with an inner CsI window for IR measurements. Spectra were recorded using a Bruker IFS 55 FT-IR spectrometer with a spectral range of 4500-400 cm À1 and a resolution of 0.7 cm
À1
, and UV/Vis spectra were recorded using a JASCO V-670 spectrophotometer. For the combination of vacuum flash pyrolysis with matrix isolation, we employed a small, home-built, water-cooled oven, which was directly connected to the vacuum shroud of the cryostat. The pyrolysis zone consisted of an empty quartz tube with an inner diameter of 8 mm, which was resistively heated over a length of 50 mm by a coaxial wire. The temperature was monitored using a NiCr-Ni thermocouple. Allylphenylsulfide 2 and diphenylsulfide 3 (Sigma-Aldrich) were evaporated (2: 5 1C, 3: 60 1C) from a storage bulb into the quartz pyrolysis tube. At a distance of approximately 50 mm, all pyrolysis products were co-condensed with a large excess of argon (typically 60-120 mbar from a 2000 mL storage bulb) on the surface of the matrix window at 11 K. Several experiments with pyrolysis temperatures ranging from 600 to 960 1C were performed in order to determine the optimal pyrolysis conditions. A high-pressure mercury lamp (HBO 200, Osram) with a monochromator (Bausch & Lomb) was used for irradiation.
Computations
All geometries were optimized and characterized as minima or transition structures by means of analytical harmonic vibrational frequency computations at the M06-2X/6-311++G(3d,3p), B3LYP/ cc-pVTZ, and MP2/cc-pVDZ levels of theory (for more details, refer to the ESI †). [55] [56] [57] [58] All computations were performed using the Gaussian09 program. 59 
